). Supplementary Tables  Supplementary Table 1 , Arctic
Oscillation -AO 11, 12, 19, 20 , and Quasi-Biennial Oscillation -QBO 9, 14 ), correlations between annual mean ozone changes in the troposphere versus in the lower stratosphere 4, 6, 8, 21 , and increases under future climate scenarios [15] [16] [17] [18] . These studies (summarized in Supplementary Table 1 ) suggest that the large-scale subsidence of stratospheric ozone exerts a considerable influence on the inter-annual variability of the mean tropospheric ozone burden in northern extratropical regions, with the largest impact occurring in the middle to upper troposphere during winter and spring 22 . The influences of ENSO on deep convection over the tropical Pacific and associated tropospheric ozone variability have also been noted 23, 24 . Much less attention has been paid to the mechanisms controlling the frequency and intensity of deep stratospheric intrusions reaching the lower troposphere, which have been found to be most active over the high-elevation western U.S. during spring 19, 25 . Recent observational and modelling analysis indicates that deep stratospheric intrusions can episodically push observed surface ozone at western U.S. (WUS) high-elevation sites to exceed the 75 ppb level of U.S. air quality standard for ground-level ozone [26] [27] [28] [29] [30] [31] . These intrusions can be classified as "exceptional events", which do not count towards regulatory decisions [32] [33] [34] [35] [36] .
Ozone changes in the lower stratosphere can be induced by changes in stratospheric circulation, anthropogenic chlorine, and volcanic aerosols. For example, the combined effects of anthropogenic chlorine and volcanic aerosols have resulted in observed record-low levels of ozone in the lower stratosphere following the 1991 eruption of Mt Pinatubo in the Philippines 13, [37] [38] [39] . Low ozone anomalies were also observed in the troposphere during 1992-1993 at some northern high-latitude (>45ºN) sites 40, 41 .
Models with a climatological stratosphere are unable to capture the 1992-1993 ozone anomalies 7, 21 , suggesting that a key source of the observed variability involves coupled stratosphere-troposphere chemical and meteorological processes.
High ozone anomalies have been observed in the upper troposphere and lower stratosphere (UTLS)
at some Arctic and mid-latitude sites in late winter and spring 2-4 months after moderate to strong El Niño conditions in the tropical Pacific Ocean 1, 14, 42 . Despite early failed attempts to identify a significant ENSO signal in the stratosphere 43 , recent climate modeling studies have attributed the increased ozone in the Arctic and mid-latitude lower stratosphere to variability in atmospheric circulation through stratosphere-to-troposphere coupling during El Niño and/or the easterly shear QBO in the tropical lower stratosphere 14, 42, 44, 45 . Namely, more upward propagating planetary wave activity reaches the stratosphere during El Niño 42 , which diminishes the strength of the polar vortex 46 and strengthens the meridional circulation in the middle stratosphere 44, 47, 48 .
A . They are evident in ozone lidar measurements and in meteorological tracers like potential vorticity 28, 29, 53, 54 . They appear as unusually dry layers with high ozone concentrations in soundings 29, 55, 56 .
A recent study shows that deep STT mass flux into the boundary layer during spring is a factor of 4 greater over the WUS than other northern mid-latitude regions 25 (see their Fig.5 ). Transport of stratospheric ozone to the WUS surface is mainly associated with deep tropopause folds that form in upper-level frontal zones below the polar jet stream 25, 27, 29, 30 . Strong La Niña episodes in the tropical Pacific are known to have distant effects on the frequency and intensity of cold frontal passages over northwestern U.S. regions and position of the polar jet stream over the U.S. and Canada, particularly during winter [57] [58] [59] [60] . The extent to which these La Niña-related storm track shifts affect deep tropopause folds and surface ozone variability over the WUS has not been examined.
Advancing knowledge on how climate variability modulates the stratospheric influence on lower tropospheric ozone necessitates a fully coupled chemistry-climate model, which can represent the interplay among stratosphere-troposphere chemistry and dynamics on daily to interannual time scales.
Here we use such a model and observations to identify the underlying mechanisms controlling the frequency of springtime high-ozone episodes observed at the WUS surface.
Supplementary Note 2: Additional surface ozone time series analysis
Spring 1999: Following the strong La Niña winter of 1998-1999, frequent stratospheric intrusions led to high-ozone events observed at surface sites across the Western U.S. intermountain regions during spring 1999. Supplementary Figure 7 shows the examples for Gothic in Colorado, Grand Canyon National Park in Arizona, and Chiricahua National Monument in Arizona. Both observed and simulated day-to-day fluctuations in surface MDA8 ozone decrease substantially from spring to summer months, consistent with known seasonality of stratospheric influence. The strong variance in daily O 3 Strat at 500
hPa (right column in Supplementary Fig.15 ) further supports the conclusion that observed high-ozone events in WUS surface air are associated with deep stratospheric intrusions. The comparison of winter and spring flow patterns ( Supplementary Fig.14) focuses on the strong ENSO events defined as the Niño 3.4 index at or above +/-1.0ºC anomaly for the overlapping 3-month periods of Dec-Jan-Feb, Jan-Feb-Mar, and Feb-Mar-Apr. By this definition, the 66 years of the NCEP reanalysis include the strong El Niño events of 1957-1958, 1965-1966, 1968-1969, 1982-1983, 1986-1987, 1991-1992, 1997-1998, and 2009-2010 , and the strong La Niña events of 1970-1971, 1973-1974, 1988-1989, 1998-1999, 2007-2008, and 2010-2011 .
The wintertime responses of the storm track and regional climate over the North Pacific and North
America to ENSO events have been well documented [57] [58] [59] [60] . (see red shading in Supplementary Fig.13 ). These findings are consistent with the results of Seager et al 60 , who showed that transient eddies propagate along a more southern path towards southwestern North America during El Niño, while they take a more northward route towards the U.S.
Pacific Northwest during La Niña.
The springtime responses of atmospheric circulation patterns over the North Pacific and North America to ENSO events are less certain. We find that the enhanced storm-track activity over the central western U.S. extends from winter into late spring during strong La Niña events ( Supplementary Fig.14) .
Despite the weakened storm-track activity in April-May compared to January-February, the greater cross-tropopause ozone flux in late spring 61 amplifies the signals of ENSO in ozone. We show that the variance in daily O 3 Strat in the western U.S. free troposphere is a factor of two greater during La Niña than El Niño springs ( Supplementary Fig.15 Supplementary   Fig.15 ), consistent with the zone of maximum storm track intensity associated with El Niño 59 . Overall, both the composition analysis (Fig. 7) and the comparison for individual events during the past 34-year period (3 rd vs. 4 th column in Supplementary Fig.15 Air Quality System (AQS), and the NOAA Global Monitoring Division (GMD). These sites, located in western U.S. mountainous regions at ~1.2 to 3.5 km altitude, can intersect subsiding stratospheric ozone behind cold fronts more readily than lower-elevation sites.
Continuous hourly ozone measurements have been carried out at the sites only since the early 1990s. We focus our analysis on daily maximum 8-hour average ozone (hereafter MDA8), which usually includes the afternoon hours when the boundary layer is sufficiently deep to mix down ozone from aloft.
The following biased measurements are excluded: anomalously low ozone at Lake Yellowstone and Rocky Mountain in 1990 that is inconsistent with other sites difference between IAVFIRE and FIXEMIS simulations (e.g. Supplementary Fig.5a ) indicates the influence of inter-annual-varying fire emissions 69, 70 relative to a climatology. We conduct a Background simulation, in which anthropogenic emissions are shut off over North America, but vary from year to year elsewhere based on historical emission inventories up to 2000 and the RCP8.5 projection beyond 2005 (refs. 71, 72, 73 ).
Stratosphere-troposphere-aerosol chemistry: The GFDL AM3 model includes fully coupled stratosphere-troposphere chemistry and dynamics 74, 75 , thus allowing investigation of the interplay of processes influencing ozone from STT (e.g. circulation and abundance of ozone in the lower stratosphere, tropopause folding events and evolution in transit due to chemical and depositional losses).
The tropospheric chemistry is based on a modified version of the chemical scheme in .
The influence from major volcanic eruptions is imposed through the specification of monthly time series of zonal mean, multi-wavelength aerosol extinction as a function of altitude and latitude based on satellite measurements 79, 80 . The spatial and temporal variability of stratospheric aerosol surface area density is calculated from the 1-micron constructed aerosol extinction using the relationships of 
